The main method for passive removal of manganese is the "Pyrolusite" system, in which a bed of limestone is inoculated with Mn-oxidizing bacteria. Nine sites of this type, plus four limestone-lined channels, have been studied. Other information is incorporated from published work. Effective Mn removal requires oxidizing well-aerated water, as well as prior removal of essentially all dissolved Fe and Al, and pH above about 6.5. Most of the Pyrolusite systems removed Mn from influent values of 6 to 30 mg/L to effluent levels between 0.5 to 1.5 mg/L for a period of 2 years or more. Based on the depth distribution of dissolved O 2 and Mn oxide precipitate, most Mn removal occurs in the top 0.3 m of the bed, just below the water surface. The deeper parts of beds do not appear to contribute significantly. Most Mn removal rates range from 1.5 to 5 g/m 2 /day, with the lower values from beds with influents containing appreciable Fe and Al. Several of the systems have failed because of plugging of the inlet area with silt, leaves, Fe and/or Al precipitate, grass and other materials. Several field tests and experiments suggest that special bacterial inoculation may not be necessary. Three successful limestone-lined channels have been observed, one with an Mn removal rate of about 10 g/m 2 /day. A shallow bed or channel, lined with limestone, and containing algae to enhance O 2 , appears to be an improved design.
to a 30-day average of 2 mg/L. The common passive systems generally remove only a small proportion of the influent Mn.
Although Mn removal to the above standard is difficult, relatively little attention has been directed to passive Mn removal systems.
Currently, the main passive method for removal of Mn is the patented "Pyrolusite System" of Vail and Riley (1995 Allegheny Mineral Abatement, no date) . In this method, the water to be treated is directed into a bed of limestone fragments. The bed is inoculated with Mn-oxidizing bacteria, and Mn precipitates as coatings of Mn oxides ("pyrolusite"). Vail and Riley (2000) indicated that 11 Pyrolusite systems were in operation and 6 more were in construction. A number of other authors have described Mn removal, but little information exists on their success.
The intent of this paper is to provide information on Pyrolusite and related systems, and to evaluate this method and others for passive removal of Mn.
Geochemistry of Manganese
In natural environments, Mn occurs in the +2, +3 and +4 oxidation states, though many other states are known chemically. The behavior is somewhat similar to iron, but Mn 2+ (Mn II) is much more stable in solution than Fe 2+ .
The behavior in terms of pH and Eh (redox state) is illustrated for the system Mn-O-H-S-CO 2 on Figure 1 . Simply put, Mn(II) is relatively soluble, but Mn(III) and Mn(IV) are much less so and tend to precipitate as a wide variety of solids. Although pyrolusite (β-MnO 2 ) is the most stable phase in the simple Mn-O-H system, it does not seem to form at low temperatures in solutions of high ionic strength such as sea water and AMD. Therefore, pyrolusite has been suppressed for Figure 1 . Birnessite (δ-MnO 2 ) and todorokite (approximately (Ca,Na 2 )Mn II (Mn IV ) 5 O 12 ) are the common low-temperature precipitates in sea water and many other environments, and are the "stable" phases under oxidizing conditions with pyrolusite suppressed. For activities of 10 -5 Mn (~5.5 mg/L Mn), 10 -2 S (~1000 mg/L SO 4 ) and 3 x 10 -4 CO 2 (g) (approximately atmospheric concentration), the diagram shows an extensive field of Another key requirement for Mn oxidation is a low concentration of ferrous iron (Fe(II)). As indicated on Figure 1 , if Fe(II) is present in a solution (point A), the oxidation potential of such a solution is considerably below the level required for Mn oxidation to Mn(III) or Mn(IV), and Mn will not oxidize and precipitate. In addition, laboratory experiments show that Fe 2+ solutions can dissolve previously precipitated Mn oxides (Villinski et al., 2001) . The presence of other reducing agents, such as reactive organic matter, can also inhibit Mn oxidation and precipitation.
The above discussion refers to equilibrium conditions, but for Mn, kinetic factors are very important in determining oxidation and precipitation. The oxidation of Mn(II) to Mn(III) or Mn(IV) by dissolved O 2 is generally slow. The rate is affected by a wide variety of factors, including pH, oxygen content, catalysis by solid Mn and Fe oxides/hydroxides, bacteria, other cations and anions in solution, temperature, and other factors. For abiotic oxidation at constant pH and oxygen content, Stumm and Morgan (1981) and Hem (1981) oxides/hydroxides makes the reaction autocatalytic, and rates in an initially pristine system tend to increase as more Mn is precipitated.
Oxidation of Mn(II) is relatively rapid under abiotic conditions at high pH, with half-times of tens of minutes to hours at pH 9 to 9.5 (Hem, 1964, p A57 (Hem and Lind, 1983) . This initial phase converts to MnOOH (MnIII) and finally to MnO 2 (MnIV). At lower temperature or in the presence of sulfate, the initial precipitate is MnOOH. As indicated above, in more complex solutions such as seawater and AMD, formation of todorokite and birnessite seems to be favored.
Mn-oxidizing bacteria are active in many natural environments. These bacteria, of which many species exist, catalyze the reaction of dissolved O 2 with Mn(II) (Ghiorse, 1984) . Genera include Leptothrix, Cytophagia, Hyphomicrobium, Pseudomonas, Arthrobacter and many others.
The biochemistry of these species is not well understood. Most of these species are aerobic heterotrophs (i.e., they use organic matter and O 2 for their major energy source), but some may also obtain energy from oxidation of Mn(II). Fungi, algae and protozoa also are observed to precipitate Mn. Most of these species also precipitate Fe or mixtures of Fe and Mn. The Mn is typically oxidized and precipitated in the sheath outside the cell wall by enzymes released from the bacteria. It is possible that the Mn oxidation is a by product of processes for protecting the cell from oxygen toxicity. Whatever the case, many experiments show that Mn oxidation and precipitation is greatly enhanced by bacteria. Water level was maintained just below the surface of the beds. They found that the limestone beds removed Mn from influent containing 8 and 20 mg/L dissolved Mn at a rate 10 to 60 times that of the river gravel, and maintained effluent Mn concentrations less than 1 mg/L. One reason for the difference is that the influent pH of 5.4 increased to about 7 in the limestone, but remained low in the river gravel. Iron was less than 1 mg/L in the influent, and dissolved O 2 was at least half of saturation in the zone of major Mn removal, providing good conditions for Mn removal. No difference in removal rate was detected between 5 and 30C. For the limestone beds, most Mn was removed in the first 2 m of the 10-m long beds. Removal rates on an areal loading basis ranged from 3 to 17 g/m 2 /d for the limestone beds, and from 1 to 2 g/m 2 /d for the river gravel. The value of 17 g/m 2 /d is for the initial 2 m of the bed where most of the reaction occurred. Thornton (1995) experimented with two limestone-filled tanks followed by a vegetation cell for removal of Mn from AMD generated in a coal ash disposal pond. Influent Mn averaged 3.5 mg/L over a period of 495 days, and effluent averaged 0.5 mg/L. A black film coated the limestone and was concluded to be the site of microbial Mn oxidation and precipitation. Iron was very low in the influent (<0.01 mg/L). The areal removal rate is estimated to be 8.5 g/m 2 /d. At a mine in Australia, up to 5000 m 3 /d of processing effluent with elevated Zn, Fe and Mn was passed along a system of ponds and channels to remove the metals (Jones et al., 1995) .
Published Field Trials on Mn Removal from Acid Mine Drainage
Most of the Fe and a small part of the Zn and Mn was removed by aeration along a steep channel followed by a settling pond. Manganese at levels of about 2 mg/L was removed to <0.1 mg/L in about 1000 m of algae-filled channel at pH 8. Mn was found to coat the algae as a black precipitate. A distinct diurnal effect was noted, with higher Mn and Zn removal rates during daytime. Clayton et al. (1999) used algal pond scum in conjunction with limestone beds in aerobic wetland experiments and found that this combination was very effective in removing Mn. Brant and Ziemkiewicz (1997) and Robbins et al. (1999) found that a system of two limestone beds in Somerset County, PA, decreased Mn concentration from levels of 12 to 40 mg/L in the influent to <2 mg/L in the effluent. The two beds are 20-22 m long, 15 to 20 m wide and 1.2 m thick. The flow rate averaged 19 L/min for a retention time of at least 5 days, and the system operated for at least 5 years. Limestone developed a coating of black slime that contained bacteria, cyanobacteria, diatoms and green algae, all with black coatings on cell surfaces and attachment structures. Lab experiments showed that slime-coated limestone fragments were much more effective in removing Mn than fresh limestone, and aeration slightly improved the removal rate.
Johnson (2002) cases, but appears to operate at near-neutral pH.
Observations on Pyrolusite Systems
Pyrolusite systems are a patented procedure developed by Vail and Riley (1995 , 1996 For this paper, data have been obtained on 10 Pyrolusite and related systems, ranging in age from 1 to 10 years (Table 1) . All systems except Middle Branch 2 were inoculated by Allegheny Flow data for several sites are estimated, as indicated in Table 2 .
As shown by Table 2 , most of the systems have been effective in removing Mn. The effluent Mn concentrations at most sites are well within effluent limits, with qualifications to be discussed below. Iron is also generally removed, and Al has been removed at most sites. The remaining Al in effluent at Swisstock and Middle Branch is probably in suspension, because at the effluent pH, the Al will be in the form of a precipitate.
A minor to major problem at many of the sites is plugging at the influent end or over much of the surface of the bed, resulting in flow over the surface rather than through the bed. This Observations at the PBS site suggest that Mn precipitation is much more active near the water surface than at depth in the bed. This pattern was observed in a hole dug in the bed 15 m (50 ft) downflow from the inflow point on 8/28/02. At the water level and just above it at the time of excavation, the surfaces of the limestone fragments were estimated to be 80 to 90% covered with Mn oxide precipitate in thicknesses of 0.2 to 0.5 mm. The cementation above the water level is probably attributable to the fact that water levels were low at this date because of low rainfall, and former water levels were probably higher. The fragments in this zone were cemented together and difficult to dig. About 0.3 m (1 ft.) below the water level, fragments were only about 50% covered with Mn oxide, and the coatings were rarely more than 0.2 mm thick.
The fragments were loose and easily dug.
The vertical decrease in coatings correlates with observations of dissolved oxygen measured in the middle inoculation tube in the bed. In 8/02, dissolved O 2 was 44% of saturation at 3 cm (1.5 in.) below the water surface, but was only 5.4% of saturation at 1.2 m (4 ft.) depth. Inflow water was at 46% of O 2 saturation, but outflow water was at only 4.6% saturation. Similar results were obtained in 8/01. 
Inflow Outflow
The surface enhancement of Mn oxidation and precipitation is attributed to more rapid oxidation of Mn at the higher dissolved O 2 near the water surface vs. slower oxidation at low dissolved O 2 at deeper levels. Dissolved O 2 in the influent water is consumed by oxidation of Mn, Fe 2+ and organic matter from the preceding wetland, so that the deeper waters in the bed become depleted in dissolved O 2 . Mn oxidation rate is highly sensitive to oxidation level, as indicated by Figure 1 and earlier discussion. Oxygen is added from air at the water surface, but downward diffusion and mixing, even with baffles, is so slow that deeper waters are apparently insufficiently oxidizing for rapid Mn oxidation.
Data on dissolved Mn at several points along the length of the bed indicate that oxidation and precipitation of Mn are most rapid in the first part of the PBS bed. In 10/02 when the flow rate was 28 L/min, the Mn concentration decreased from 32 mg/L at the inflow to 7.7 mg/L at 18 m, 0.33 mg/L at 30 m, and 0.33 mg/L at the outflow at 70 m. Thus, the loss of Mn is not linear but is much more rapid in the initial section, probably because Mn oxidation rate is proportional to Mn concentration as indicated in eq. (1). Also, the dissolved O 2 is undoubtedly higher in the initial section.
Another factor of interest is the bacterial effect. At all the sites except one bed at Middle
Branch and possibly Stroud, the beds were inoculated with Mn-oxidizing bacteria by Allegheny Mineral Abatement. Some sites were reinoculated after a year. However, at Middle Branch, one bed was inoculated, and the other was not. The two beds were identical in construction and the inflow to the beds is split so influent chemistry is identical. As noted above, considerable problems were encountered at this site with silt, grass and precipitate plugging the beds, and causing flow over the surface, so that Mn removal was incomplete in both beds. However, the non-inoculated bed removed as much or more Mn than the inoculated bed (Table 2, Figure 5 ).
Possibly the Mn-oxidizing bacteria were carried the 5 to 10 m from one bed to the other on the seeding of the requisite bacteria is relatively easy. Other observations on non-inoculated sites described from the literature above and on the channels described below indicate that appropriate bacteria find the Mn-rich environments naturally, and that special inoculation, though it may speed initiation of the process, may not be necessary.
Observations on Manganese Removal Channels
Open channels in which Mn was removed have been observed at four sites. The first two 
Discussion
The Rose et al. (2003) . This produces a negative exponential decrease in Mn concentration. Higher pH is evidently beneficial. At equilibrium with CaCO 3 , pH will be higher if CO 2 can escape from the system to leave a low P CO2 , so contact with air may be preferable to deep beds that retain CO 2 . However, the relations are undoubtedly complex, and need to be evaluated with well designed experiments. At the moment, design based on areal loading, plus a minimum retention time, seems the best approach, but collection of good field data to test removal rates proportional to Mn concentration and with terms for Mn oxide and bacterial catalysis are needed.
Conclusions
1. Manganese can be successfully removed from acid mine drainage by passive methods.
The influent water should have pH above about 6 and Al and Fe concentrations less than about 2 mg/L. Experience has shown that where Fe and Al are present, plugging of the bed is likely to occur and Mn oxidation will not be effective until the Fe is removed. The system should contain limestone and be well aerated.
2. Pyrolusite systems successfully remove Mn, but are susceptible to plugging by silt, organic matter, leaves, and Fe and Al precipitates. They should be constructed according to the specifications discussed earlier. Monitoring and maintenance of beds is essential.
3. Limestone surfaces greatly enhance the precipitation of Mn, because of the increased pH they impose and because of the favorable surface area for deposition. Additional research should be conducted to determine the optimum aggregate size.
4. Open channels may be preferable to deep beds in terms of cost of construction and
limestone. The open channel will provide much better oxygenation, which is needed for Mn oxidation. The flow in the channel will tend to inhibit sedimentation. Algae and other plants appear to increase rates of oxidation and precipitation, though there may be significant seasonal effects.
5. Rates of removal in beds are commonly 2 to 3 g/m 2 /d, and rates of 8 to 17 g/m 2 /d are observed in some Mn removal systems. Additional research is needed to determine the removal rates in limestone channels.
6. Inoculation with specialized bacteria does not appear to be required, though it may shorten startup time and rates at low concentration.
7. Additional research is needed to determine:
a. Whether first order rates proportional to Mn concentration are more appropriate than rates in g/m 2 /d. b. A more accurate removal rate based on channels and on "effective" bed areas rather than total constructed bed areas. The true effects of pH and Mn concentration should also be studied.
c. The role of O2 in enhancing performance, using side by side limestone-lined channels, one with aeration devices and one without.
d. The role of surface area in Mn removal, using side by side limestone constructed channels with varying aggregate sizes.
